In order to engrave gravure plate with fine lines structures, conventional art used lithography with dry/wet etching. Lithography with dry/wet etching method allows to engrave lines with smooth concave shape, but its disadvantages include difficulty in controlling aspect ratio, high and uniform in large size process, substrate material limitation due to etching solution availability, and process complexity. We developed ultra-fast laser technology to directly engrave a stainless plate, a gravure plate, to be used for fabricating 23 in. metal-mesh touch panel by gravure offset printing process. The technology employs high energy pulse to ablate materials from a substrate. Because the ultra-fast laser pulse duration is shorter than the energy dissipation time between material lattices, there is no heating issue during the ablation process. Therefore, no volcano-type protrusion on the engraved line edges occurs, leading to good printing quality. After laser engraving, we then reduce surface roughness of the gravure plate using electro-polishing process. Diamond like carbon (DLC) coating layer is then added onto the surface to increase scratch resistance. We show that this procedure can fabricate gravure plate for gravure offset printing process with minimum printing linewidth 10.7 µm. A 23 in. metal-mesh pattern was printed using such gravure plate and fully functional touch panel was demonstrated in this work.
Introduction
Printing process provides a fast, continuous production with low production costs and pollution, and becomes a key process technology in printed electronics [1, 2] . These processes need only one-step process to transfer pattern onto target surface, studied by Pudas et al., Lee et al., and Chun et al. [3] [4] [5] . Owing to its high line resolution, the gravure offset printing technology may replace the current photolithography process and is considered as the advanced manufacturing technology for next generation electronic products [6] .
The key issue of gravure offset printing process is the gravure plate, which transfers the designed pattern to be printed. There are three different engraving methods that can be used for fabricating gravure plate. These methods include wet etching, electroforming [7] , and ultra-fast laser direct ablation. Fabricating gravure plate by electroforming is a replication process and not the original structuring process. Fabricating gravure plate by wet etching process after lithography is popular in industry. However, the major disadvantage of wet etching process is isotropic etching phenomenon. It is difficult to make the high aspect ratio of the groove substrate. Furthermore, the etchant chemicals have to be continuously replaced in order to keep the same initial etching rate, and the choice of substrate material is limited by the availability of the etchant chemicals. The method to fabricate gravure plates described in this research is ultra-fast laser direct ablation. A laser beam is focused onto the surface of the gravure plate to fabricate the pattern. Comparing with ablation using nanosecond pulses laser, the ultra-fast laser ablation has little or no collateral damage from shock waves and heat conduction produced during the material being processed [8] . Using dimensional analysis, the conduction time in SUS304 steel plate is at the range of millisecond and nanosecond. Comparing to the two methods mentioned before, ultra-fast laser direct ablation has advantages of short production time and well uniformity [8] [9] [10] .
The great demand for alternative solutions for indium tin oxide (ITO) has arisen due to several intrinsic drawbacks ITO's. The transparent conducting electrodes can be made by metal material through by laser ablation [11] , lithography, and printing process. The printing process has the advantage in cost and throughput.
In this study, an ultra-fast laser engraving system is established to fabricate 23 in. metal-mesh gravure plate. In order to enhance the ink transfer rate, electrolytic polished process [12] is used to decrease the roughness of groove engraved by laser. Then, the gravure plate is deposited with diamond like carbon (DLC) to protect the surface against scratches and abrasion by the doctor blade during printing process. Finally, the gravure plate can be manufactured by optimal machining parameters and successfully used for printing the 23 in. metal-mesh touch sensor circuits with linewidth of approximately 10 µm. Figure 1 shows the schematic diagram of the ultra-fast laser engraving system used to engrave 23 in. metal-mesh circuit patterns on the steel substrate. The laser source is a commercial ytterbium laser (HIGH Q LASER, FemtoREGEN, Rankweil, Austria), that generates 350 fs laser pulses with a maximum pulse energy of 20 µJ at a 100 kHz repetition rate and central wavelength of λ = 1035 nm. A galvo scanner system is embodied in the laser machining system, which makes the process speed up to 3000 mm/s. The diameter of laser beam spot size is 13 µm, and the beam quality is M2 < 1.2. The workpiece is placed on the vacuum chuck and machined by galvo scanner system at various feed rates. After machining process, the workpiece is rinsed for 10 min with alcohol in an ultrasonic cleaner to remove any debris from the ablation process and finally electrolytic polished process.
Femtosecond Laser System and Machining Process
In this study, a gravure plate which has 15 µm of inner metal-mesh circuits and 70 µm outer circuits. Due to the difference of line width between inner metal-mesh and outer circuit, this study utilizes the spiral feeding machining method to engrave the groove with various widths is proposed.
Micromachines 2015, 6, page-page 2 popular in industry. However, the major disadvantage of wet etching process is isotropic etching phenomenon. It is difficult to make the high aspect ratio of the groove substrate. Furthermore, the etchant chemicals have to be continuously replaced in order to keep the same initial etching rate, and the choice of substrate material is limited by the availability of the etchant chemicals. The method to fabricate gravure plates described in this research is ultra-fast laser direct ablation. A laser beam is focused onto the surface of the gravure plate to fabricate the pattern. Comparing with ablation using nanosecond pulses laser, the ultra-fast laser ablation has little or no collateral damage from shock waves and heat conduction produced during the material being processed [8] . Using dimensional analysis, the conduction time in SUS304 steel plate is at the range of millisecond and nanosecond. Comparing to the two methods mentioned before, ultra-fast laser direct ablation has advantages of short production time and well uniformity [8] [9] [10] .
In this study, an ultra-fast laser engraving system is established to fabricate 23-inch metal-mesh gravure plate. In order to enhance the ink transfer rate, electrolytic polished process [12] is used to decrease the roughness of groove engraved by laser. Then, the gravure plate is deposited with diamond like carbon (DLC) to protect the surface against scratches and abrasion by the doctor blade during printing process. Finally, the gravure plate can be manufactured by optimal machining parameters and successfully used for printing the 23 in. metal-mesh touch sensor circuits with linewidth of approximately 10 μm. Figure 1 shows the schematic diagram of the ultra-fast laser engraving system used to engrave 23 in. metal-mesh circuit patterns on the steel substrate. The laser source is a commercial ytterbium laser (HIGH Q LASER, FemtoREGEN, Rankweil, Austria), that generates 350 fs laser pulses with a maximum pulse energy of 20 μJ at a 100 kHz repetition rate and central wavelength of λ = 1035 nm. A galvo scanner system is embodied in the laser machining system, which makes the process speed up to 3000 mm/s. The diameter of laser beam spot size is 13 μm, and the beam quality is M2 < 1.2. The workpiece is placed on the vacuum chuck and machined by galvo scanner system at various feed rates. After machining process, the workpiece is rinsed for 10 min with alcohol in an ultrasonic cleaner to remove any debris from the ablation process and finally electrolytic polished process.
In this study, a gravure plate which has 15 μm of inner metal-mesh circuits and 70 μm outer circuit. Due to the difference of line width between inner metal-mesh and outer circuit, this study utilizes the spiral feeding machining method to engrave the groove with various widths is proposed. 
Fabrication of 23 In. Metal-Mesh Circuits Gravure Plate
The dimensions of groove on gravure plate machined by ultra-fast laser engraving system are related to the parameters of laser fluence, spiral width, and cover rate of spiral path. Figure 2 shows the relationship between the groove width and laser fluence varied from 1.2 to 2.7 J/cm 2 . The groove width is increased linearly with the laser fluence. Figure 2 also shows the relationship between the groove width and the cover rate at the spiral width of 5 µm, and machining speed with 20 mm/s. Three levels of cover rate, included 50%, 65%, and 80%, are used for experiments. When the cover rate reaches 80%, the width of groove is clearly wider than lower cover rates. The results in more energy accumulated at high cover rate. Due to the two different groove widths between outer circuit and inner mesh structure, we can adjust spiral width to achieve the purpose. There are two types of spiral widths (Ω1 = 5 µm; Ω2 = 10 µm) used in experiments, as shown in Figure 3 , and the experimental result shows that the wider spiral width leads to wider groove width.
The experimental results show that the cover rate and spiral width do not have an obviously affect for the groove depth. Figure 4 shows the relationship between the depth of groove and the laser fluence under the condition of spiral width of 5 µm, engraving speed of 20 mm/s, and cover rate of 50%. When the laser fluence and cover rate are increased, the depths of groove are increased linearly. Figure 5 shows the linewidth of groove is measured by optical microscope and sampled by nine points on gravure plate. The average linewidth of groove is 14.7 µm, and the standard deviation is 0.266 µm. The result of standard deviation shows that the gravure plate made by ultra-fast laser engraving system is uniform. The dimensions of groove on gravure plate machined by ultra-fast laser engraving system are related to the parameters of laser fluence, spiral width, and cover rate of spiral path. Figure 2 shows the relationship between the groove width and laser fluence varied from 1.2 to 2.7 J/cm 2 . The groove width is increased linearly with the laser fluence. Figure 2 also shows the relationship between the groove width and the cover rate at the spiral width of 5 μm, and machining speed with 20 mm/s. Three levels of cover rate, included 50%, 65%, and 80%, are used for experiments. When the cover rate reaches 80%, the width of groove is clearly wider than lower cover rates. The results in more energy accumulated at high cover rate. Due to the two different groove widths between outer circuit and inner mesh structure, we can adjust spiral width to achieve the purpose. There are two types of spiral widths (Ω1 = 5 μm; Ω2 = 10 μm) used in experiments, as shown in Figure 3 , and the experimental result shows that the wider spiral width leads to wider groove width.
The experimental results show that the cover rate and spiral width do not have an obviously affect for the groove depth. Figure 4 shows the relationship between the depth of groove and the laser fluence under the condition of spiral width of 5 μm, engraving speed of 20 mm/s, and cover rate of 50%. When the laser fluence and cover rate are increased, the depths of groove are increased linearly. Figure 5 shows the linewidth of groove is measured by optical microscope and sampled by nine points on gravure plate. The average linewidth of groove is 14.7 μm, and the standard deviation is 0.266 μm. The result of standard deviation shows that the gravure plate made by ultra-fast laser engraving system is uniform. The dimensions of groove on gravure plate machined by ultra-fast laser engraving system are related to the parameters of laser fluence, spiral width, and cover rate of spiral path. Figure 2 shows the relationship between the groove width and laser fluence varied from 1.2 to 2.7 J/cm 2 . The groove width is increased linearly with the laser fluence. Figure 2 also shows the relationship between the groove width and the cover rate at the spiral width of 5 μm, and machining speed with 20 mm/s. Three levels of cover rate, included 50%, 65%, and 80%, are used for experiments. When the cover rate reaches 80%, the width of groove is clearly wider than lower cover rates. The results in more energy accumulated at high cover rate. Due to the two different groove widths between outer circuit and inner mesh structure, we can adjust spiral width to achieve the purpose. There are two types of spiral widths (Ω1 = 5 μm; Ω2 = 10 μm) used in experiments, as shown in Figure 3 , and the experimental result shows that the wider spiral width leads to wider groove width.
The experimental results show that the cover rate and spiral width do not have an obviously affect for the groove depth. Figure 4 shows the relationship between the depth of groove and the laser fluence under the condition of spiral width of 5 μm, engraving speed of 20 mm/s, and cover rate of 50%. When the laser fluence and cover rate are increased, the depths of groove are increased linearly. Figure 5 shows the linewidth of groove is measured by optical microscope and sampled by nine points on gravure plate. The average linewidth of groove is 14.7 μm, and the standard deviation is 0.266 μm. The result of standard deviation shows that the gravure plate made by ultra-fast laser engraving system is uniform. After engraving process by ultra-fast laser engraving system, the gravure plate is rinsed for 10 min with alcohol in an ultrasonic cleaner to remove any debris from the ablation process. Owing to enhance the ink transfer rate, the gravure plate needs another surface treatment, electrolytic polish. After the polished process, the roughness of the inner groove is reduced and suitable for printing process, as shown in Figure 6 . The gravure plate is ready for gravure offset printing process.
In order to protect the gravure plate from scratching in the doctor blade during the printing process, the diamond like carbon (DLC) material is deposited on the surface of gravure plate. The DLC material is the high hardness material and used for many applications [13] . Figure 7 shows the 23 in. metal-mesh circuits gravure plate with 2 μm thickness DLC coating layer. After engraving process by ultra-fast laser engraving system, the gravure plate is rinsed for 10 min with alcohol in an ultrasonic cleaner to remove any debris from the ablation process. Owing to enhance the ink transfer rate, the gravure plate needs another surface treatment, electrolytic polish. After the polished process, the roughness of the inner groove is reduced and suitable for printing process, as shown in Figure 6 . The gravure plate is ready for gravure offset printing process.
In order to protect the gravure plate from scratching in the doctor blade during the printing process, the diamond like carbon (DLC) material is deposited on the surface of gravure plate. The DLC material is the high hardness material and used for many applications [13] . Figure 7 shows the 23 in. metal-mesh circuits gravure plate with 2 µm thickness DLC coating layer. After engraving process by ultra-fast laser engraving system, the gravure plate is rinsed for 10 min with alcohol in an ultrasonic cleaner to remove any debris from the ablation process. Owing to enhance the ink transfer rate, the gravure plate needs another surface treatment, electrolytic polish. After the polished process, the roughness of the inner groove is reduced and suitable for printing process, as shown in Figure 6 . The gravure plate is ready for gravure offset printing process.
In order to protect the gravure plate from scratching in the doctor blade during the printing process, the diamond like carbon (DLC) material is deposited on the surface of gravure plate. The DLC material is the high hardness material and used for many applications [13] . Figure 7 shows the 23 in. metal-mesh circuits gravure plate with 2 μm thickness DLC coating layer. 
Gravure Offset Printing Process of 23 In. Metal-Mesh Touch Sensor
In this study, gravure offset printing process is used to fabricate the 23 in. metal-mesh touch panel, as shown in Figure 8 . First, the ink is scratched into the grooves of a gravure plate by the doctor blade. During the optimum parameters, the grooves are filled completely and all of the ink is removed from non-patterned areas. Second, the ink is picked up from the gravure plate grooves with an offset material called blanket. The blanket is fixed on a roller called blanket roller. When the ink is picked up on the blanket, the roller rotates forward and presses the ink onto the substrate. In this study, the silver nanoparticle ink developed in our laboratory is used for the gravure offset printing.
The printed silver fine lines are used for metal-mesh touch sensor, as shown in Figures 9 and 10 . The optimal laser machining parameters used to fabricate the pattern on SUS304 gravure plate are at specific laser power of 180 mW, spiral width of 40 μm, and cover rate of 50% for outer circuit. The parameters at spiral width of 5 μm and cover rate 50% are used for inner circuit. The average line width for printed inner circuits measured by optical microscope and sampled by nine points on the gravure plate is 10.7 μm, and the standard deviation is approximately 0.7 μm, as shown in Figure 9 . The average line width of outer circuit is nearly 70 μm. The 23 in. metal-mesh touch sensor is finally fabricated by gravure offset printing process and assembled for touch panel in this study. The 23 in. metal-mesh touch panel is demonstrated the touch function successfully, as shown in Figure 10 . 
The printed silver fine lines are used for metal-mesh touch sensor, as shown in Figures 9 and 10 . The optimal laser machining parameters used to fabricate the pattern on SUS304 gravure plate are at specific laser power of 180 mW, spiral width of 40 µm, and cover rate of 50% for outer circuit. The parameters at spiral width of 5 µm and cover rate 50% are used for inner circuit. The average line width for printed inner circuits measured by optical microscope and sampled by nine points on the gravure plate is 10.7 µm, and the standard deviation is approximately 0.7 µm, as shown in Figure 9 . The average line width of outer circuit is nearly 70 µm. The 23 in. metal-mesh touch sensor is finally fabricated by gravure offset printing process and assembled for touch panel in this study. The 23 in. metal-mesh touch panel is demonstrated the touch function successfully, as shown in Figure 10 . 
Conclusions
In this study, the 23 in. gravure plate has been completed by using ultra-fast laser engraving system, and used to print the metal-mesh circuits on glass. The touch panel with printed metal-mesh circuits on glass has been successfully demonstrated touch function after bonding integrated circuit chips. Using spiral feed of laser beam produces higher aspect ratio of the groove on gravure plate, which is considered advantageous for the printed lines to be narrow and thick to meet the requirements of fine pattern as well as electrical conduction. In the current study, the width of groove in gravure plate is 14.7 μm, and the width of printed line is 10.7 μm, which is within the required specifications of the metal-mesh circuits on touch sensor in the display industry. 
In this study, the 23 in. gravure plate has been completed by using ultra-fast laser engraving system, and used to print the metal-mesh circuits on glass. The touch panel with printed metal-mesh circuits on glass has been successfully demonstrated touch function after bonding integrated circuit chips. Using spiral feed of laser beam produces higher aspect ratio of the groove on gravure plate, which is considered advantageous for the printed lines to be narrow and thick to meet the requirements of fine pattern as well as electrical conduction. In the current study, the width of groove in gravure plate is 14.7 µm, and the width of printed line is 10.7 µm, which is within the required specifications of the metal-mesh circuits on touch sensor in the display industry.
